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Abstract 

In  recent  years,  there  has  been  an  increasing  interest  in  applying  energy  and  exergy  analysis 
modeling  techniques  for  energy-utilization  assessments  in  order  to  attain  energy  saving.  In  this 
regard,  various  approaches  have  been  used  to  perform  the  exergy  analyses  of  countries.  The  main 
objective  of  the  present  study  is  to  evaluate  and  analyze  the  energy  utilization  efficiencies  of  countries 
by  reviewing  the  studies  conducted  on  various  countries  or  societies,  to  which  different  approaches 
have  been  applied.  Thermodynamic  relations  used  to  perform  energy  and  exergy  analyses  of 
countries  are  given  first.  The  classification  of  studies  conducted  and  the  approaches  applied  are  then 
investigated  in  terms  of  subsectors,  such  as  utility,  industrial,  residential-commercial,  and 
transportation  sectors.  Next,  the  countries  considered  are  evaluated  in  terms  of  energy  and  exergy 
utilization  efficiencies.  Finally,  the  results  obtained  are  discussed.  It  is  expected  that  the  review 
presented  here  will  provide  the  investigators  with  knowledge  about  how  much  effective  and  efficient  a 
country  uses  its  natural  resources.  This  knowledge  is  also  needed  for  identifying  energy  efficiency 
and/or  energy  conservation  opportunities  as  well  as  for  dictating  the  energy  strategies  of  a  country  or 
a  society. 
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1.  Introduction 

After  the  second  half  of  the  twentieth  century,  the  industrial  revolution  increased  the 
utilization  of  the  new  technological  products  in  our  daily  live.  This  caused  more 
consumption  of  the  energy  and  made  it  an  inseparable  part  of  the  life.  Moreover,  the  rate 
of  energy  consumption  per  capita  has  become  a  criterion  of  success  in  the  development  for 
countries.  Providing  the  growing  society  with  the  energy  ceaselessly,  safely  and  sufficiently 
needs  to  have  an  increasing  amount  of  productivity  and  activity  in  this  area. 

Fossil  fuels  reserves,  which  provide  the  most  part  of  the  energy  sources  of  the  whole 
world,  are  limited  and  gradually  decreasing.  Noticing  this  by  the  large  amounts  of  people 
obliged  the  countries  to  go  over  again  their  energy  policy  and  to  stop  wasting  it.  The 
energy  policy  agenda  has  also  changed  significantly  since  the  days  of  the  1973  and  1979  oil 
crises.  Currently,  it  is  possible  to  identify  three  policy  themes  related  to  the  energy  sector. 
These  are  as  follows  [1]:  (a)  the  traditional  energy  policy  agenda  relating  to  security  of 
energy  supply,  (b)  concern  about  the  environmental  impact  of  energy,  its  production, 
transformation  and  use,  and  (c)  the  trend  towards  liberalization  and  the  enhancement  of 
competition  in  energy  markets,  notably  in  the  electricity  and  gas  sectors.  This  situation  led 
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Nomenclature 

ex  specific  exergy  (kJ/kg) 

Ex  exergy  (kJ) 

h  specific  enthalpy  (kJ/kg) 

/  irreversibility,  exergy  consumption  (kJ) 

IP  improvement  potential  for  exergy  (kJ) 

ke  kinetic  energy  (kJ/kg) 

m  mass  (kg) 

pe  potential  energy  (kJ/kg) 

Q  heat  transfer  (kJ) 

q  quality  factor  of  an  energy  carrier 

s  specific  entropy  (kJ/kg  K) 

T  temperature  (K) 

W  shaft  work,  work  (kJ) 

Greek  letters 

£i  energy  (first  law)  efficiency  (%) 

s2  exergy  (second  law)  efficiency  (%) 

yf  fuel  exergy  grade  function 

SH  enthalpy  content  of  a  particular  energy  carrier  (kJ/kg) 

/ijo  chemical  potentials  of  j  components  at  reference  state  (kJ/kg) 

/Xjoo  chemical  potentials  of  j  components  at  dead  state  (kJ/kg) 

Indices 

0  dead  state  or  reference  environment 

c  cooking 

CH  chemical 

d  direct 

e  electrical 

f  fuel 

h  heating 

in  input 

ke  kinetic  energy 

KN  kinetic 

o  overall 

out  outlet,  existing 

p  product 

PH  physical 

PT  potential 

Q  heat 

r  region 

re  residential-commercial 

s  stream 
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sh  space  heating 

u  utility 

W  work 

wh  water  heating 


the  scientists  to  develop  the  cycling  ways  of  the  energy  and  to  get  more  efficiency  from  the 
energy,  which  we  own.  New  methods  are  about  energy  and  exergy  analysis. 

The  energy  balance  is  a  basic  method  of  any  process  investigation.  It  makes  the  energy 
analysis  possible,  points  at  the  needs  to  improve  the  process,  is  the  key  to  optimization  and 
is  the  basis  to  developing  the  exergy  balance.  Analysis  of  the  energy  balance  results  would 
disclose  the  efficiency  of  energy  utilization  in  particular  parts  of  the  process  and  allow 
comparing  the  efficiency  and  the  process  parameters  with  the  currently  achievable  values  in 
the  most  modern  installations.  They  will  establish  also  the  priority  of  the  processes 
requiring  consideration,  either  because  of  their  excessive  energy  consumption  or  because  of 
their  particularly  low  efficiency. 

For  these  reasons,  the  modern  approach  to  process  analysis  uses  the  exergy  analysis, 
which  provides  a  more  realistic  view  of  the  process.  The  exergy  analysis  is  the  modern 
thermodynamic  method  used  as  an  advanced  and  useful  tool  for  engineering  process 
evaluation  [2,3].  Whereas  the  energy  analysis  is  based  on  the  First  Law  of  Thermo¬ 
dynamics,  the  exergy  analysis  is  based  on  both  the  First  and  Second  Laws  of 
Thermodynamics.  Both  analyses  utilize  also  the  material  balance  for  the  systems 
considered. 

The  exergy  of  an  energy  form  or  a  substance  is  a  measure  of  its  usefulness  or  quality  or 
potential  to  cause  change  [4].  Exergy  is  defined  as  the  maximum  work,  which  can  be 
produced  by  a  system  or  a  flow  of  matter  or  energy  at  it  comes  to  equilibrium  with  a 
specified  reference  environment.  Unlike  energy,  exergy  is  conserved  only  during  ideal 
processes  and  destroyed  due  to  irreversibilities  in  real  processes  [5]. 

According  to  Szargut  et  al.  [2],  the  main  purpose  of  exergy  analysis  is  to  discover 
the  causes  and  to  estimate  quantitatively  the  magnitude  of  the  imperfection  of  a  thermal 
or  chemical  process.  Exergy  analysis  leads  to  a  better  understanding  of  the  influence  of 
thermodynamic  phenomena  on  the  process  effectiveness,  comparison  of  the  importance 
of  different  thermodynamic  factors,  and  the  determination  of  the  most  effective  ways 
of  improving  the  process  under  consideration  Dincer  [6]  reported  the  linkages  between 
energy  and  exergy,  exergy  and  the  environment,  energy  and  sustainable  development, 
and  energy  policy  making  and  exergy  in  detail.  He  provided  the  following  key  points 
to  highlight  the  importance  of  the  exergy  and  its  essential  utilization  in  numerous 
ways. 

•  It  is  a  primary  tool  in  best  addressing  the  impact  of  energy  resource  utilization  on  the 
environment. 

•  It  is  an  effective  method  using  the  conservation  of  mass  and  conservation  of  energy 
principles  together  with  the  second  law  of  thermodynamics  for  the  design  and  analysis 
of  energy  systems. 

•  It  is  a  suitable  technique  for  furthering  the  goal  of  more  efficient  energy-resource  use, 
for  it  enables  the  locations,  types,  and  true  magnitudes  of  wastes  and  losses  to  be 
determined. 
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•  It  is  an  efficient  technique  revealing  whether  or  not  and  by  how  much  it  is  possible  to 

design  more  efficient  energy  systems  by  reducing  the  inefficiencies  in  existing  systems. 

It  is  a  key  component  in  obtaining  sustainable  development. 

•  It  has  a  crucial  role  in  energy  policy-making  activities. 

Wall  and  Gong  [7]  summarized  the  historical  development  of  the  concept  ‘exergy’,  while 
Cengel  [8]  also  described  the  meaning  of  exergy  in  daily  life.  He  writes:  “Exergy  can  be 
viewed  as  the  opportunities  that  we  have  and  the  exergy  destruction  as  the  opportunities 
wasted.  The  exergy  of  a  person  in  daily  life  can  be  viewed  as  the  best  job  that  person  can  do 
under  specific  conditions.  The  difference  between  the  exergy  of  a  person  and  the  actual 
performance  under  those  conditions  can  be  viewed  as  the  irreversibility  or  the  exergy 
destruction .”  A  true  understanding  of  exergy  and  the  insights  it  can  provide  into  the 
efficiency,  environmental  impact  and  sustainability  of  energy  systems,  are  required  for  the 
engineer  or  scientist  working  in  the  area  of  energy  systems  and  the  environment  [9]. 

The  method  of  exergy  analysis  has  been  applied  to  a  wide  variety  of  thermal  and  thermo 
chemical  systems.  A  particular  thermo  dynamical  system  is  the  society,  for  example,  of  a 
country  or  a  region  [10].  Recently,  there  has  been  an  increasing  interest  in  applying  energy 
and  exergy  analysis  modeling  techniques  for  energy-utilization  assessments  in  order  to 
attain  energy  saving. 

The  main  objective  of  the  present  study  is  to  evaluate  and  analyze  the  energy  utilization 
efficiencies  of  countries  by  reviewing  the  studies  conducted  on  various  countries  or 
societies,  to  which  different  approaches  have  been  applied.  In  this  regard,  thermodynamic 
relations  used  to  perform  energy  and  exergy  analyses  of  countries  are  given  first.  The 
classification  of  studies  conducted  and  the  approaches  applied  are  then  investigated  in 
terms  of  subsectors,  such  as  utility,  industrial,  residential-commercial,  and  transportation 
sectors.  Finally,  the  results  obtained  are  discussed. 

2.  Thermodynamic  analyses  of  energy  systems 

The  exergy  analysis  is  the  modern  thermodynamic  method  used  as  an  advanced  tool  for 
engineering  process  evaluation  [3].  Whereas  the  energy  analysis  is  based  on  the  first  law  of 
thermodynamics,  the  exergy  analysis  is  based  on  both  the  first  and  the  second  laws  of 
thermodynamics.  Both  analyses  utilize  also  the  material  balance  for  the  considered  system. 
Analysis  and  optimization  of  any  physical  or  chemical  process,  using  the  energy  and  exergy 
concepts,  can  provide  the  two  different  views  of  the  considered  process.  These  laws  are 
shortly  explained  in  the  subsections. 


2.1.  Definition  of  energy 

The  first  law  analysis,  also  referred  to  as  energy  analysis,  applies  the  First  Faw  of 
Thermodynamics  (or  the  conservation  of  energy)  to  evaluate  energy  options.  According  to 
this  law,  energy  is  neither  created  nor  destroyed  in  any  normal  physical  or  chemical 
process,  but  merely  changed  from  one  form  to  another.  Because  the  total  amount  of  energy 
remains  constant,  the  energy  lost  by  a  system  during  any  process  equals  the  energy  gained 
by  the  system’s  surrounding.  Energy  analysis  is  a  basic  and  traditional  approach  to 
estimate  various  energy  conversion  processes.  The  analysis  is  using  the  concept  of  energy 
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and  its  conservation.  The  forms  of  energy  can  be  expressed  as  enthalpy,  internal  energy, 
chemical  energy,  work,  heat,  electricity,  etc. 

There  are  several  different  methods  of  energy  analysis,  the  principal  being  statistical 
analysis,  input-output  table  analysis  and  process  analysis  [11].  The  first  method  is  limited 
by  available  statistical  data  for  the  whole  economy  or  a  particular  industry,  as  well  as  the 
level  of  its  disaggregation.  Statistical  analysis  provides  a  reasonable  estimate  of  the 
primary  energy  cost  of  products  classified  by  industry.  However,  it  cannot  account 
for  indirect  energy  requirements  or  distinguish  between  the  different  outputs  from  the 
same  industry  [12].  The  technique  of  input-output  table  analysis,  originally  developed 
by  economists,  can  be  utilized  to  determine  indirect  energy  inputs.  It  is  only  limited  by 
the  level  of  disaggregation  in  national  input-output  tables.  Process  energy  analysis  is 
the  most  detailed  or  the  methods  and  is  usually  applied  to  a  particular  process  or 
industry. 

The  following  subsections  cover  some  of  the  key  aspects  of  thermodynamics  in  terms  of 
energy  and  exergy  balances  and  efficiencies,  as  explained  elsewhere  by  Rosen  and  Dincer 
[13],  and  Dincer  et  al.  [14-18]. 


2.2.  Definition  of  exergy 

The  energy  analysis  enables  energy  or  heat  losses  to  be  estimated,  but  gives  no 
information  about  the  optimal  conversion  of  energy.  In  contrast,  the  Second  Law  of 
Thermodynamics  shows  that  not  all  the  energy  input  into  a  system  can  be  converted  into 
useful  work.  It  therefore  provides  the  basis  for  the  definition  of  parameters  that  facilitate 
the  assessment  of  the  maximum  amount  or  work  achievable  in  a  given  system  with 
different  energy  sources.  From  the  thermodynamic  point  of  view,  exergy  is  defined  as  the 
maximum  amount  of  work  which  can  be  produced  by  a  system  or  a  flow  of  matter  or 
energy  as  it  comes  to  equilibrium  with  a  reference  environment.  Unlike  energy,  exergy  is 
not  subject  to  a  conservation  law  (except  for  ideal,  or  reversible,  processes).  Rather  exergy 
is  consumed  or  destroyed,  due  to  irreversibilities  in  any  real  process.  The  exergy 
consumption  during  a  process  is  proportional  to  the  entropy  created  due  to  irreversibilities 
associated  with  the  process. 

The  total  exergy  of  a  system  Ex  can  be  divided  into  four  components,  namely  (i)  physical 
exergy  ExPH,  (ii)  kinetic  exergy  ExKN,  (iii)  potential  exergy  ExPT,  and  (iv)  chemical  exergy 
Exch 

Ex  =  Exph  +  Exkn  +  Expt  +  Exch  (1) 

Although  exergy  is  extensive  property,  it  is  often  convenient  to  work  with  it  on  a  unit  of 
mass  or  molar  basis.  The  total  specific  exergy  on  a  mass  basis  may  be  written  as  follows: 

ex  =  exPH  +  exKN  +  exPT  +  exCH  (2) 

Neglecting  the  changes  in  potential  and  kinetic  energy  changes  as  well  as  in  the  chemical 
composition,  the  specific  exergy  of  a  mass  flow  leads  to: 

exPH  =  (h  -  h0)  -  T0(s  -  50)  (3) 

where  h  and  s  are  the  specific  enthalpy  and  entropy,  respectively,  and  T  is  the  temperature, 
while  the  subscript  ‘O’  denotes  conditions  of  the  reference  environment. 
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2.3.  Definition  of  energy  and  exergy  efficiencies 

In  the  analysis,  it  is  important  to  understand  the  difference  between  energy  and  exergy 
efficiencies.  This  is  essential  to  consider  the  quality  and  quantity  of  the  energy  used  to 
achieve  a  given  objective  and  will  in  fact  attain  efficient  and  effective  use  of  energy 
resources  (e.g.  fossil  fuels). 

The  concepts  of  exergy,  available  energy,  and  availability  are  essentially  similar.  The 
concepts  of  exergy  destruction,  exergy  consumption,  irreversibility,  and  lost  work  are  also 
essentially  similar.  Terminology  does  not  appear  to  have  been  standardized. 

For  a  no  steady-flow  process  in  a  system  during  a  finite  time  interval,  energy  and  exergy 
balances  can  be  written  as  follows: 

Energy  input  —  Energy  output  =  Energy  accumulation  (4) 

Exergy  input  —  Exergy  output  —  Exergy  consumption  =  Exergy  accumulation  (5) 

In  Eqs.  (4)  and  (5),  the  term  product  might  refer  to  shaft  work  or  electricity  developed,  a 
certain  heat  transfer,  some  desired  combination  of  heat  and  work,  or  possibly  a  particular 
exit  stream  (or  streams).  Losses  are  understood  to  include  such  things  as  waste  heat  and 
slack  gases  vented  to  the  surroundings  without  use.  The  destruction  term  in  the  exergy 
equation  refers  to  exergy  destruction  due  to  internal  irreversibilities. 

Energy  (first  law)  and  exergy  (second  law)  utilization  efficiencies  in  %,  S]  and  s2 ,  can  be 
defined  as  follows,  respectively. 

s i  =  (Energy  in  products/Total  energy  input)  100  (6) 

82  =  (Exergy  in  products/Total  exergy  input)  100  (7) 

The  exergy  efficiency  s2  frequently  gives  a  finer  understanding  of  performance  than  s\.  In 
computing  e1?  the  same  weight  is  assigned  to  energy  whether  it  becomes  shaft  work  or  a 
stream  of  low-temperature  fluid.  In  addition,  it  centers  attention  on  reducing  losses  to 
improve  efficiency.  The  parameter  s2  weights  energy  flows  by  accounting  for  each  in  terms 
of  availability. 

The  exergy  efficiencies  given  in  Table  1  are  lower  than  energy  efficiencies,  because  the 
irreversibilities  of  the  process  destroy  some  of  the  input  energy  [13,19,20].  It  stresses  that 
both  losses  and  internal  irreversibilities  need  to  be  dealt  with  to  improve  performance. 


Table  1 

Energy  and  exergy  efficiencies  for  some  processes  for  comparison  [13,19,20] 


Process 

Energy  efficiency  (%) 

Exergy  efficiency  (%) 

Residential  heater  (fuel) 

60 

9 

Domestic  water  heater  (fuel) 

40 

2-3 

High-pressure  steam  boiler 

90 

50 

Tobacco  dryer  (fuel) 

40 

4 

Coal  gasification  (high  heat) 

55 

46 

Petroleum  refining 

~90 

10 

Steam-heated  reboiler 

MOO 

40 

Blast  furnace 

76 

46 
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In  many  cases,  it  is  the  irreversibilities  that  are  more  significant  and  the  more  difficult  to 
deal  with. 

2.4.  Energy  and  exergy  balances 

Assuming  that  flows  are  one-dimensional,  the  input  and  output  terms  in  Eq.  (4)  are  net 
quantities  after  accounting  for  imports  and  exports  and  the  accumulation  term  is  zero,  the 
following  may  be  written 

E  m'^h  +  ke  +  Pe)in  -  E  +  ke  +  pe)out  +  E  Qr  -  W  =  0  (8) 

in  out  r 

where  min  and  mex  denote  the  mass  flow  across  the  system  inlet  and  outlet,  respectively,  Qr 
represents  the  heat  transfer  across  the  system  boundary,  W  is  the  work  (including  shaft 
work,  electricity,  etc.)  transferred  out  of  the  system,  and  /z,  ke  and  pe  are  the  specific  values 
of  enthalpy,  kinetic  energy  and  potential  energy,  respectively. 

Assuming  that  flows  are  one-dimensional,  the  input  and  output  terms  in  Eq.  (5)  are  net 
quantities  after  accounting  for  imports  and  exports  and  the  accumulation  term  is  zero,  the 
following  may  be  written 

E  ^ineXin  -  E  m°uteXout  +  E  ^  ~  Ex^  -  I  =  0  (9) 

in  out  r 

where  ex  denotes  the  specific  exergy,  Exe  and  Ex w  are  the  exergy  transfers  associated  with 
2r  and  W,  respectively,  while  /  is  the  system  exergy  consumption  or  irreversibility. 

The  exergy  consumption  (7)  is  defined  as  (i)  />  0  for  an  irreversible  process,  and  (ii) 
1  =  0  for  a  reversible  process.  Since  mm  =  mou t  =  0,  for  a  closed  system,  Eqs.  (8)  and  (9) 
are  simplified  to: 


o 

1 

S-H 

O) 

W*- 

(10) 

M 

bi 

(O 

1 

bi 

1 

II 

o 

(11) 

r 


2.5.  Basic  relations  for  exergy  analysis 

In  the  following  subsections,  some  mathematical  relations  used  in  exergy  analysis  are 
summarized. 


2.5.1.  Exergy  of  a  flowing  stream  of  matter 

The  specific  exergy  of  a  mass  flow  with  negligible  potential  and  kinetic  energy  changes 
may  be  written  as 


ex  =  [{h  hf)  -  Tf  s  -  so)]  + 


^  (AO  —  fm)x, 


L  i 


where  Xj  denotes  the  mass  fraction  of  species  y,  s  is  the  specific  entropy,  y0  is  chemical 
potentials  for  each  of  the  j  components  and  the  subscript  0  refers  to  a  quantity  evaluated  at 
the  dead  state. 
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Table  2 

Some  characteristics  of  fuels  used  in  the  sectors  [15,21-23] 


Type  of  fuel 

H{  (kJ/kg) 

Chemical  exergy,  exf  (kJ/kg) 

>’f 

Gasoline 

47,849 

47,394 

0.99 

Natural  gas 

55,448 

51,702 

0.93 

Fuel  oil 

47,405 

47,101 

0.99 

Kerosene 

46,117 

45,897 

0.99 

Hard  coal 

25,552 

26,319 

1.03 

Diesel  fuel 

39,500 

42,265 

1.07 

2.5.2.  Exergy  of  heat 

The  amount  of  thermal  exergy  transfer  associated  with  heat  transfer  Qr  across  a  system 
boundary  r  at  constant  temperature  Tr  is  given  by 


Exe  =  [l  -  (T0/Tt)]Q, 


2.5.3.  Exergy  of  work 

The  exergy  associated  with  work  is  as  follows. 
Ex^  =  W 


2.5.4.  Chemical  exergy 

One  of  the  most  common  mass  flows  are  hydrocarbon  fuels  at  near-ambient  condition, 
for  which  the  first  term  in  the  square  brackets  in  Eq.  (12)  is  approximately  zero,  and  the 
specific  exergy  reduces  to  chemical  exergy,  which  can  be  written  as 

exf  =  yfE/f  (15) 

where  yf  denotes  the  fuel  exergy  grade  function,  defined  as  ratio  of  fuel  chemical  exergy 
to  the  fuel  higher  heating  value  Hf.  Some  typical  values  of  H f,  yf  and  exf  for  the  fuels 
encountered  in  the  present  study  are  listed  in  Table  2  [15,21-23].  Usually,  the  specific 
chemical  exergy  yf  of  a  fuel  at  r0  and  P0  is  approximately  equal  to  Hf.  Natural  gas  has  the 
highest  chemical  exergy  value. 

2.5.5.  Exergy  consumption 

The  amount  of  exergy  consumed  due  to  irreversibilities  during  a  process  is  given  by 
I=T0Sgen  (16) 

where  Sgen  is  the  entropy  generation. 

2.6.  Energy  and  exergy  efficiencies  for  principal  types  of  processes 

Different  ways  of  formulating  exergetic  efficiency  (second  law  efficiency,  effectiveness,  or 
rational  efficiency)  proposed  in  the  literature  have  been  given  in  detail  elsewhere  [24],  while 
its  application  to  a  ground-source  (geothermal)  heat  pump  system  is  given  by  Hepbasli  and 
Akdemir  [25].  Among  these,  the  rational  efficiency  is  defined  by  Kotas  [21,26]  as  the  ratio 
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of  the  desired  exergy  output  to  the  exergy  used,  namely 


£2  = 


Expired, output 

Exused 


(17a) 


where  Exdesired  outpUt  is  all  exergy  transfer  from  the  system,  which  must  be  regarded  as 
constituting  the  desired  output,  plus  any  by-product  that  is  produced  by  the  system,  while 
Exused  is  the  required  exergy  input  for  the  process  to  be  performed. 

The  exergy  efficiency  given  in  Eq.  (17a)  may  also  expressed  as  follows  [27]: 


£2 


desired  exergetic  effect  ‘product’ 

exergy  used  to  drive  the  process  ‘fuel’ 


(17b) 


To  define  the  exergetic  efficiency  both  a  product  and  a  fuel  for  the  system  being  analyzed 
are  identified.  The  product  represents  the  desired  result  of  the  system  (power,  steam,  some 
combination  of  power  and  steam,  etc.).  Accordingly,  the  definition  of  the  product  must  be 
consistent  with  the  purpose  of  purchasing  and  using  the  system.  The  fuel  represents  the 
resources  expended  to  generate  the  product  and  is  not  necessarily  restricted  to  being  an 
actual  fuel  such  as  a  natural  gas,  oil,  or  coal.  Both  the  product  and  the  fuel  are  expressed  in 
terms  of  exergy  [28]. 


2. 7.  Exergy  improvement  potential 

Van  Gool  [29]  has  also  noted  that  maximum  improvement  in  the  exergy  efficiency  for  a 
process  or  system  is  obviously  achieved  when  the  exergy  loss  or  irreversibility 
(Exin— Exout)  is  minimized.  Consequently,  he  suggested  that  it  is  useful  to  employ  the 
concept  of  an  exergetic  ‘improvement  potential’  when  analyzing  different  processes  or 
sectors  of  the  economy.  This  improvement  potential,  denoted  IP,  is  given  by  [11] 

IP  =  (1  -  82)(Exin  -  Exout)  (18) 

The  energy  and  exergy  efficiencies  for  heating,  cooling,  work  production,  and  kinetic 
energy  production  processes  are  tabulated  in  Table  3  [11,19,30].  Here,  exergy  efficiencies 
for  the  fuels  can  often  be  written  as  a  function  of  the  corresponding  energy  efficiencies  by 
assuming  the  energy  grade  function  to  be  ‘unity’,  which  is  commonly  valid  for  the  fuels 
encountered  in  the  present  study  (kerosene,  gasoline,  diesel  and  natural  gas). 


3.  Classification  of  studies  conducted 

The  method  of  exergy  analysis  has  been  applied  to  a  wide  variety  of  thermal  and  thermo 
chemical  systems.  A  particular  thermo  dynamical  system  is  the  society,  for  example,  of  a 
country  or  a  region  according  to  Erteswag,  2001  [10]. 

The  energy  utilization  of  a  country  can  be  evaluated  using  exergy  analysis  to  gain 
insights  into  its  efficiency  [13].  Various  studies  have  been  undertaken  to  analyze  the 
sectoral  energy  and  exergy  utilization  for  countries  (i.e.  Canada,  Turkey,  Japan,  Italy, 
etc.).  The  first  one  was  applied  by  Reistad  to  the  US  in  1970,  and  published  in  1975  [21], 
while  the  most  comprehensive  one  in  terms  of  years  appears  to  be  Ayres  et  al.’s  analysis  of 
the  US  between  1900  and  1998  [31]. 
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Table  3 

The  energy  and  exergy  efficiencies  for  heating,  cooling,  work  production,  and  kinetic  energy  production  processes 
[1U9,30] 


Process 

Energy  efficiency 

Exergy  efficiency 

Electrical  heating 

^le,h  —  Qp  tEe 

£2e,h  =  Exfir /Ex 

£2e,h  =  [l-(7o/rp)]fip/^e 

e2e,h  =  [1— (To/Tp)]£leh 

e2f5h  =  E  xqp  /  mf  £f 

Fuel  heating 

elf,h  =  Qp/WfHf 

e2f,h  =  [  1  —(To/ Tp)] Qp  (mpyfHf) 
e2f,h  =  [1 —  (To/TpXIfi^h 
£2c,eh  =  Ex^p/Ex^6 

Electrical  cooling 

^lc,e  Qp  ffe 

£2c,eh  =  [  1 —  (  To/  Tp)]  Qp  Wq 

^2c,eh  =  [1  (To/Tp)]£iceh 

Shaft  work  production  via  electricity 

eie,w=  W/We 

£2e,w  =  Ex^/Ex^  =  W/We=  ele,w 

Shaft  work  production  via  fuel 

i  e,w  =  WjnifHp 

£20  =  Ex  w/mpH]  r  =  W/(m{yH{)  =  £ifjW/yf 

Fuel  driven  kinetic  energy  production 
Improvement  potential 

£if,ke  —  msAkes/mf//|- 
IP  =  (1— £2)(Exin— Exout) 

^2f,ke  =  wsAkes/mf£f  =  msAkes/(mf}’f//f)  =  £ioe/yf,ke 

Note:  electric  and  fossil  fuel  heating  processes  are  taken  to  generate  product  heat  Qp  at  a  constant  temperature  Tp, 
either  from  electrical  energy  We  or  fuel  mass  m f.  Double  subscripts  indicate  the  processes  in  which  the  quantity 
represented  by  the  first  subscript  is  produced  by  the  quantity  represented  by  the  second;  e.g.  the  double  subscript 
h,  e  means  heating  with  electricity. 

3.1.  Approaches  used  to  perform  exergy  analyses  of  countries 

The  approaches  used  to  analyze  energy  utilization  of  countries  or  societies  may  be 
grouped  into  three  types,  namely  Reistad’s  approach.  Wall’s  approach  and  Sciubba’s 
approach  [32,33]. 

In  Reistad’s  approach,  the  end  use  is  divided  into  three  sectors,  these  names  are  industry, 
transportation  and  residential-commercial.  In  addition,  energy  sector  with  electric 
generation  and  distribution,  oil  refining,  is  treated  seperatly.  Flows  of  energy  carriers 
for  energy  uses  are  not  included  in  this  approach. 

In  Wall’s  approach,  all  types  of  energy  and  material  flows  are  considered.  However,  to 
energy  carriers  for  energy  use  are  considered,  these  flows  encompass  wood  for  construction 
materials  and  for  the  pulp  and  paper  industry,  harvested  wood  and  fodder,  and  the 
products  from  these  materials. 

The  so-called  Sciubba’s  approach  is  relatively  a  new  one.  Extended-exergy  accounting 
(EEA)  method  introduced  by  Sciubba  was  applied  to  the  Italian  society  in  1996  by  Milia 
and  Sciubba  [34]  and  recently  to  Norway  with  the  figures  of  2000  by  Ertaswag  [33].  The 
EEA  assigns  exergetic  values  to  labor  and  to  monetary  flows  within  the  system. 
Furthermore,  the  society  EEA  includes  cross-flows  of  exergy  associated  with  products  and 
services  transferred  in  the  different  sectors  of  the  society.  In  these  approaches,  the  system 
is  subdivided  into  seven  sectors,  namely  extraction,  conversion,  agriculture,  industry, 
transportation,  tertiary  and  domestic. 

When  the  three  approaches  used  are  compared  with  each  other,  some  differences  have  to 
be  observed. 

First,  the  subdivision  into  sectors  is  different,  there  are  seven  sectors  in  Sciubba’s  EEA 
approach,  while  end  use  sector  is  subdivided  into  three  sectors  and  the  utility  sector  is 
separately  evaluated  in  Reistad’s  approach. 
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Table  4 

Approaches  used  along  with  total  energy  and  exergy  efficiencies  of  countries  [10,11,13-18,21-23,32,35^2,44-45,48] 


Countries 

Year 

analyzed 

Investigators 

Approach  used 

Total  energy 
efficiency 

Total  exergy 
efficiency 

Sweden 

1920 

Wall  [10] 

Wall’s 

25 

Ghana 

1975 

Wall  [35] 

Wall’s 

28 

Sweden 

1980 

Wall  [36] 

Wall’s 

22 

Japan 

1985 

Wall  [22] 

Wall’s 

19 

Italy 

1990 

Wall  et  al.  [37] 

Wall’s 

17 

Sweden 

1994 

Wall  [38] 

Wall’s 

17 

Norway 

1995 

Ertesvag  and  Mielnik 
[32] 

Wall’s 

24 

USA 

1970 

Reistad  [21] 

Reistad’s 

50 

21 

Finland 

1985 

Wall  [35] 

Reistad’s 

13 

Canada 

1986 

Rosen  [39] 

Reistad’s 

50 

24 

Brazil 

1987 

Schaeffer  and 
Wirtsch-after  [40] 

Reistad’s 

32 

24 

OECD 

1990 

Nakicenovic  et  al.  [41] 

Reistad’s 

12 

World 

1990 

Nakicenovic  et  al.  [41] 

Reistad’s 

10 

Non-OECD 

1990 

Nakicenovic  et  al.  [41] 

Reistad’s 

9 

S.  Arabia 

1990-2001 

Dincer  et  al. 
[14-18] 

Reistad’s 

43-60 

26-39 

UK 

1965-1997 

Hammond  and 
Stapleton  [11] 

Reistad’s 

69-71 

18-25 

Turkey 

1991 

Unal  and  Ileri  [42] 

Reistad’s 

45 

24 

Turkey 

1993 

Rosen  and  Dincer  [13] 

Reistad’s 

41 

27 

Turkey 

1995 

Ileri  and  Gurer  [44] 

Reistad’s 

35 

13 

Turkey 

1999 

Utlu  and  Hepbasli  [48] 

Reistad’s 

43 

24 

Turkey 

2000 

Utlu  and  Hepbasli  [48] 

Reistad’s 

45 

25 

Turkey 

2001 

Utlu  and  Hepbasli  [23] 

Reistad’s 

45 

25 

Turkey 

2023 

Utlu  and  Hepbasli[45] 

Reistad’s 

57 

31 

Norway 

2000 

Ertesvag  [33] 

Sciubba’s 

47 

33 

Secondly,  the  conversions  in  the  sectors  are  treated  somewhat  differently.  In  Waifs 
approach,  useful  output  is  accounted  for  whenever  produced.  For  example,  transportation, 
lighting,  and  space  heating  within  the  households  contribute  to  the  exergy  output  or 
utilization  of  that  sector.  Therefore,  emphasis  is  put  on  the  conversion  rather  than  on  the  use 
and  transfer  of  the  product.  In  the  Schubbia’s  approach,  however,  only  services  and  products 
that  are  transferred  to  another  sector  are  accounted  for  as  output  or  useful  products.  So,  the 
analysis  of  the  exergy  conversion  provides  different  results  in  the  two  approaches. 

3.2.  Evaluating  the  approaches  used 

The  approaches  used  to  carry  out  energy  and  exergy  analysis  of  countries  as  well  as 
energy  and  exergy  efficiency  values  of  coutries  are  given  in  Table  4  [10,11,13-18, 
21-23,32,35-42,44,45,48]. 
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Reistad  [21]  published  the  first  complete  study  determining  both  energy  and  exergy 
consumption  of  America  during  1970.  This  became  a  pioneering  study  for  preceding 
studies.  Major  energy  consuming  systems  and  processes  are  classified  and  typical  energy 
and  exergy  efficiencies  are  specified  for  them.  Weighting  to  their  consumption,  energy  and 
exergy  efficiencies  of  industry,  residential  and  commercial  sector  and  transportation  were 
determined  yielding  to  50.4  and  20.9%  of  the  country,  respectively. 

Reistad’ s  approach  was  applied  by  Rosen  [39]  to  determine  energy  and  exergy  utilization 
efficiencies  of  Canada.  In  this  study,  the  Canadian  energy  and  exergy  efficiency  values  were 
calculated  to  be  50  and  24%,  respectively.  Total  consumption  was  divided  into  four 
sectors,  namely  utility,  residential  and  commercial,  industrial  and  transportation.  Utility 
sector  was  an  intermediate  sector  supplying  secondary  energy  to  the  final  energy 
consumers.  Quality  factor  concept  was  utilized  to  determine  exergy  value  of  incoming 
primary  fuels.  As  in  Reistad’ s  study,  representative  energy  and  exergy  efficiencies  were 
used  for  major  energy  consuming  systems.  In  case  of  heating  and  cooling  applications, 
such  as  hot  water  heating,  space  heating,  and  refrigeration,  typical  temperatures  were 
assumed  to  determine  exergy  efficiencies.  Sectoral  and  overall  efficiencies  for  Canada  were 
then  resolved  for  the  year  1986.  Different  from  other  studies,  industry  was  closely 
examined  in  this  study.  Industry  was  divided  into  subindustrial  sectors,  and  for  each 
sector,  three  temperature  ranges  were  defined,  namely  low,  medium,  and  high.  Energy 
consumption  of  industry  was  divided  into  electricity  and  fuel.  Then,  energy  and  exergy 
efficiency  values  of  industry  were  calculated  by  multiplying  total  energy  and  exergy 
consumptions  by  type  with  corresponding  efficiency  values.  Energy  and  exergy  flow 
diagrams  were  also  presented  for  Canada  for  1986. 

Schaffer  and  Wirtschafter  [40]  performed  energy  and  exergy  analysis  of  Brazil  for  1987 
using  a  similar  methodology  of  Reistad  and  Rosen.  They  estimated  the  energy  and  exergy 
efficiencies  to  be  32.4  and  24%,  respectively.  Differing  from  Canada  and  the  US,  input 
primary  energy  and  exergy  figures  were  given  comprehensively  yielding  more  accurate 
results. 

Wall  et  al.  [37]  conducted  a  similar  study  for  Italy  using  the  data  in  1990  This  study  was 
also  different  from  the  others  in  this  held  in  that  it  divided  the  total  energy  and  exergy 
consumption  into  two  categories,  namely  production  and  tertiary  sectors.  Production 
sector  was  further  examined  in  three  subsectors,  which  were  industry,  transportation,  and 
agriculture.  Tertiary  sector  was  also  divided  into  trade,  services  and  government.  Other 
than  determining  energy  consumption  figures,  two  scenarios  were  suggested  in  the  study  as 
well.  Scenario  one  suggested  to  replace  fossil  fuels  by  renewable  fuels.  Second  scenario  on 
the  other  hand  suggested  using  optimal  resources  that  match  end-uses. 

Rosen  and  Dincer  [13]  presented  a  method  to  analyze  sectoral  energy  use  of  a  country. 
They  considered  the  energy  and  exergy  hows  through  the  four  main  economic  sectors  in 
terms  of  residential-commercial,  industrial,  transportation  and  utility,  and  applied  it  to 
Turkey.  Energy  and  exergy  analyses  and  hence  efficiencies  for  the  four  main  sectors  of  the 
Turkish  economy  were  obtained.  It  was  concluded  that  the  technique  presented  here  is 
useful  for  analyzing  sectoral  energy  utilization,  to  help  provide  energy  savings  through 
energy  efficiency  and/or  energy  conversation  measures. 

Dincer  et  al.  [14-18]  applied  energy  and  exergy  modeling  technique  to  all  Saudi  Arabian 
sectors  for  the  period  of  1990-2001.  They  also  investigated  for  the  hrst  time  energy  and 
exergy  utilization  in  the  six  major  economic  sectors  of  Saudi  Arabia,  namely  residential, 
public  and  private,  industrial,  transportation,  agricultural,  and  electrical  utility.  However, 
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they  singly  analyzed  this  country’s  economic  sectors  under  the  five  studies  for  the  period 
studied.  In  the  energy  and  exergy  analyses,  the  actual  sectoral  energy  data  taken  from 
various  local  and  international  sources  were  used,  while  energy  and  exergy  efficiencies  in 
Saudi  Arabian  sectors  were  studied  to  see  how  efficiently  energy  and  exergy  were  used  in 
these  sectors.  In  addition,  the  energy  and  exergy  efficiencies  obtained  for  Saudi  Arabia 
were  compared  to  those  available  for  Turkey  for  1993. 

The  studies  performed  on  Turkey’s  energy  and  exergy  analyses  may  be  categorized  as 
follows:  (i)  sectoral  studies  [23,30,43,45-47,49,50],  (ii)  Turkey’s  general  [13,42,44,48],  and 
(iii)  Renewable  energy  resources  [51],  in  all  which  Reistad’s  approach  were  followed. 
Ozdogan  and  Arikol  [52]  also  applied  another  methodology  for  quantitative  determina¬ 
tions  of  patterns  of  energy  use  in  industry  based  on  a  nation-wide  survey  to  characterize 
the  structure  of  overall  energy  use  in  the  Turkish  food,  textile  and  cement  sectors.  Most  of 
these  studies  [23,30,42-44,46-49,51]  were  performed  using  the  actual  data,  while  some  of 
them  [45,50]  were  based  on  the  projected  values.  The  majority  of  the  studies  conducted 
were  realized  by  the  authors  [23,30,45-51].  Among  these  studies,  evaluating  the  energy 
utilization  efficiency  of  Turkey’s  renewable  energy  sources  [51]  was  noteworthy  since  it  was 
one  attempt  in  its  topic.  In  this  study,  Turkey’s  renewable  energy  and  exergy  utilization 
efficiencies  in  2001  were  analyzed  for  the  Turkish  sectors.  The  total  and  renewable  energy 
and  exergy  inputs  were  compared,  while  loses  and  efficiencies  were  identified. 

Wall  [53]  adapted  a  new  technique,  which  contributed  towards  a  deeper  understanding 
of  the  concept  of  exergy  and  increases  the  area  of  its  use.  The  report  was  primarily 
intended  for  persons  directly  connected  with  energy  and  materials  processing  within 
business  and  industry.  However,  it  was  written  in  such  a  way  that  persons  with  a  different 
background  could  without  difficulty  partake  in  the  study  and  its  conclusions.  Detailed 
information  such  as  tables  and  computer  programs  were  presented  in  the  appendices.  The 
objective  was  not  to  describe  the  calculation  methods  in  exhaustive  detail,  but  to  more 
concisely  point  out  the  value  of  this  method  and  provide  new  insights  and  conclusions. 

Wall  [38]  presented  in  detail  the  energy  and  exergy  flows  of  two  typical  Swedish 
industries,  a  pulp  and  paper  mill  and  a  steel  plant.  These  industries  were  described  related 
to  Sweden’s  space  heating  system.  His  study  provided  a  short  description  of  the  price  of 
several  of  the  most  common  energy  forms  in  terms  of  energy  and  exergy  contents.  Wall 
also  reviewed  the  exergy  concept  as  a  tool  for  resource  accounting  and  described 
conversions  of  energy  and  material  resources  in  Swedish  society  in  1994  in  terms  of  exergy. 
Necessary  concepts  and  conventions  were  introduced.  Exergy  losses  in  transformations 
of  material  resources  and  in  conversions  of  various  forms  of  energy  into  heat  are  were 
described  in  some  detail. 

Wall  [35,36]  studied  Japanish  society  using  the  exergy  concept  as  a  primary  tool  for 
resource  accounting.  Conversions  of  energy  and  material  resources  in  Japanese  society 
were  treated  in  terms  of  exergy.  Necessary  concepts  and  conventions  were  introduced, 
while  exergy  losses  in  transformations  conventions  were  included.  Exergy  losses  in 
transformations  of  material  resources  and  in  conversions  of  various  forms  of  energy  are 
were  given  in  more  detail. 

In  a  recent  work,  Hammond  and  Stapleton  [11]  have  used  the  exergy  method  to  analyze 
changes  in  the  structure  of  the  UK  energy  system  over  a  period  of  more  than  30  years  from 
1965.  A  sectoral  approach  was  employed,  with  the  supply  side  examined  in  terms  of  the 
main  energy  sources,  while  final  demand  was  separated  into  four  energy  end-use  groups: 
the  domestic,  service,  industrial,  and  transport  sectors.  Estimates  of  sector  weighted  or 
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'lumped’  parameters,  such  as  exergy  efficiencies,  were  obtained  from  the  particular 
characteristics  of  each  sector.  These  were  employed  to  determine  the  exergetic 
‘improvement  potential"  for  critical  elements  of  the  energy  system.  Electricity  generations, 
together  with  final  energy  demand  in  the  domestic  sector  and  in  transport,  were  shown  to 
account  for  nearly  80%  of  the  exergetic  improvement  potential.  This  poor  thermodynamic 
performance  was  principally  due  to  exergy  losses  in  combustion  and  heat  transfer 
processes  associated  with  power  generation,  space  heating  and  main  transport  modes.  The 
role  of  the  exergy  method  was  contrasted  with  the  various  other  approaches  to  energy 
technology  assessment. 

Ayres  et  al.  [31]  have  applied  the  exergy  analyses  method  to  energy  systems  of  the  USA 
during  the  twentieth  century.  In  this  study,  ‘useful  work’  was  defined  as  the  product  of 
energy  (exergy)  inputs  multiplied  by  conversion  efficiency.  They  attempted  to  reconstruct 
the  useful  work  performed  in  the  US  economy  during  the  twentieth  century.  Some 
economic  implications  were  also  indicated  very  briefly. 

4.  Evaluating  the  sectoral  energy  utilization  efficiencies  of  countries 

In  modeling  sectoral  energy  and  exergy  utilization,  the  present  study  proposes  the 
following  procedure. 

(a)  List  energy  and  exergy  inputs  and  outputs  in  terms  of  general  values  using  energy  and 
exergy  balance  relations. 

(b)  Subgroup  the  sectors  into  four  main  sectors,  namely  utility,  industrial,  commercial 
residential  and  transportation. 

(c)  List  energy  and  exergy  inputs  and  outputs  in  terms  of  sectoral  values  using  energy  and 
exergy  balance  relations. 

(d)  Split  each  subsector  into  its  energy  utilization  components,  such  as  space  heating, 
television,  etc. 

(e)  Calculate  energy  and  exergy  utilization  values  for  both  each  and  entire  sector  using  the 
relations  given  here. 

(f)  Draw  energy  and  exergy  flow  diagrams. 

(g)  Analyze  the  energy  and  exergy  flow  diagrams  in  terms  of  losses  and  energy  saving 
opportunities  and  compare  the  efficiency  values  obtained  with  those  of  other  countries. 


4.1.  Determination  of  energy  inputs  to  countries 

Energy  systems  pervade  industrial  societies  and  weave  a  complex  web  of  interactions 
that  affect  the  daily  lives  of  their  citizens.  In  order  to  analyze  exactly  the  energy  and 
environmental  consequences  of  changes  in  supply  and  demand  of  energy  services,  it  is 
necessary  to  take  a  holistic  approach.  This  implies  drawing  the  system  boundary  quite 
widely,  the  nation-state  for  policy  decisions  within  the  competence  of  national 
governments  (e.g.  those  influencing  urban  transportation  and  air  quality). 

A  simplified  model  of  macro  system  energy  flows  in  countries,  as  in  Turkey,  is  shown  in 
Eig.  1.  Natural  and  renewable  resources  as  primary  energy  resources  and  secondary 
derivatives  such  as  generated  electric,  and  import  energy  as  fossil  and  electric  from  other 
countries  and  export  energy  to  other  countries  are  called  energy  input  into  the  whole 
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Fig.  1.  An  illustrative  presentation  of  the  energy  flows  in  a  macro  system  as  country. 


system  of  a  country.  Firstly,  according  to  energy  carries,  determination  of  input  energy  and 
output  energy  is  obligatory  in  application  of  energy  and  exergy  modeling  technique  to  a 
system  or  a  country. 

Table  5  illustrates  the  distribution  of  total  energy/exergy  inputs  according  to  various 
energy  carriers  of  the  countries  considered,  while  inputs  to  various  sectors  as  a  share  of  the 
total  exergy  input  are  shown  in  Table  6  [10,11,13-18,21-23,32,35-42,44-45,48].  The 
countries  have  different  specialties  for  energy  utilization;  so,  it  may  be  difficult  to  directly 
narrate  one  to  one.  For  example,  Turkey  is  a  developing  country;  UK  is  an  industrialized 
country,  of  which  industrial  energy  utilization  is  bigger  than  that  of  Turkey.  In  contrast, 
the  hot  climate  of  Saudi  Arabia  and  Ghana  requires  non-significant  space  heating,  but  this 
case  is  important  for  Norway,  Sweden  and  Turkey  because  they  have  cold  climate. 

4.2.  Evaluation  of  the  sectoral  energy  utilization  efficiencies 

4.2.1.  Utility  sector 

Electric  is  a  high-grade  energy  vector  as  a  main  source  in  industrialized  countries.  It  can 
be  used  to  achieve  for  power  and  heat.  The  three  main  electricity  generation  sources  in  the 
world  are  hydropower,  nuclear  and  fossil  fuels  including  petroleum,  lignite,  hard  coal  and 
natural  gas.  In  addition,  electricity  is  generated  from  thermal  and  renewable  sources,  such 
as  biomass,  geothermal,  solar  energy,  tidal,  wave  and  wind  power.  Utilization  of  these 
resources  is  differently  displayed  in  countries,  as  shown  in  Table  7  where  a  breakdown  of 
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Table  5 

Distrubition  of  total  energy/exergy  input  according  to  energy  carriers  (%)  [10,11,13-18,21-23,32,35-42,44-45,48] 


Country 

Analyzed  year 

Coal 

Oil 

Natural  gas 

Wood 

Hydro 

Nuclear 

Food 

Othera 

Sweden 

1920 

31 

1 

0 

38 

0 

0 

27 

2 

Ghana 

1975 

0 

8 

0 

64 

5 

0 

21 

0 

Sweden 

1980 

— 

45 

— 

20 

10 

11 

12 

2 

Japan 

1985 

17 

50 

9 

3 

2 

10 

5 

3 

Italy 

1990 

7 

47 

20 

4 

2 

0 

16 

5 

Sweden 

1994 

4 

25 

2 

16 

9 

32 

10 

2 

Norway 

1995 

5 

32 

0 

11 

41 

0 

10 

1 

USA 

1970 

23 

38 

37 

0 

2 

0 

b 

0 

Finland 

1985 

— 

73 

— 

— 

4 

21 

b 

1 

Canada 

1986 

13 

37 

28 

0 

14 

9 

b 

0 

Brazil 

1987 

8 

34 

3 

40c 

14 

0 

b 

1 

OECD 

1990 

23 

42 

19 

4C 

2 

10 

b 

0 

World 

1990 

25 

35 

18 

14c 

2 

6 

b 

0 

Non-OECD 

1990 

26 

29 

18 

22c 

2 

0 

b 

0 

S.  Arabiad 

1990-2001 

0 

100 

0 

0 

0 

0 

b 

0 

UKd 

1965-1997 

63-14 

35-34 

0-42 

— 

1-1 

1-7 

0-2 

Turkey 

1991 

27 

41 

7 

10c 

5 

0 

b 

10 

Turkey 

1993 

26 

43 

5 

llc 

9 

0 

b 

6 

Turkey 

1995 

26 

46 

9 

12c 

6 

0 

b 

1 

Turkey 

1999 

24 

45 

15 

T 

5 

0 

b 

4 

Turkey 

2000 

26 

42 

16 

6C 

4 

0 

b 

6 

Turkey 

2001 

28 

41 

19 

T 

3 

0 

b 

2 

Turkey 

2023 

44 

22 

23 

lc 

3 

4 

b 

3 

Norway6 

2000 

1 

75 

24 

— 

— 

— 

— 

aSun,  geothermal  heat,  wind,  imported  electricty. 
bNot  included  in  the  analysis  [10]. 

Clncluded  biomass,  fuelwood  and  dried  dung  for  combustion. 
dHigher  and  lower  values  during  analyzed  period. 
eInput  of  energy  carriers  to  extraction  sector. 


total  input  of  different  energy/exergy  carriers  in  the  conversion  sector  is  given 
[10,11,13-18,21-23,32,35-42,44-45,48].  In  contrary,  main  energy  carriers  for  electricity 
generation  in  Saudi  Arabia  are  fossil  fuels,  while  nuclear  resources  are  extensively  used  in 
Finland,  Sweden  and  Japan  in  the  analyzed  years. 

To  determine  the  performance  of  electricity  generation  sector,  first,  basic  data  sources 
obtained  from  the  literature  (e.g.  country’s  energy  statistics)  and  then  the  main  power 
station  types  are  classified,  as  hydroelectric,  conventional  steam  (coal,  oil,  natural  gas), 
nuclear,  geothermal,  wind,  solar,  biomass  and  wave.  Thirdly,  the  energy  inputs  and 
produced  electric  values  in  these  groups  are  used  to  calculate  energy  and  exergy  utilization 
efficiencies  (epu  and  e2, u)  as  follows,  respectively  [13,48]. 

ei’u  =  (yw) 100  {19) 

win) 


&2,u  — 


100 


(20) 
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This  higher  and  lower  values  are  input  to  sectors  during  the  analyzed  years. 
Share  of  Agriculture  sector  is  in  the  Residential  Commercial  sector. 
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Table  7 

Share  of  the  produced  electricity  from  energy/exergy  carriers  in  the  conversion  sectors  in  analyzed  countries 
[10,11,13-18,21-23,32,35-42,44-45,48] 


Country 

Analyzed 

year 

Fossil 

Nuclear 

Hydro 

Biomass 

Geothermal 
and  wind 

Import 

Other 

Sweden 

1920 

0 

0 

100 

0 

0 

Ghana 

1975 

0 

0 

100 

0 

0 

0 

Sweden 

1980 

11 

27 

61 

0 

0 

1 

Japan 

1985 

62 

24 

14 

0 

0 

0 

Italy 

1990 

71 

0 

14 

0 

1 

14 

Sweden 

1994 

7 

51 

42 

0 

0 

0 

Norway 

1995 

0 

0 

100 

0 

0 

0 

USA 

1970 

81 

2 

17 

0 

0 

0 

Finland 

1985 

33 

38 

22 

0 

0 

7 

Canada 

1986 

19 

15 

66 

0 

0 

0 

Brazil 

1987 

6 

0.5 

85 

0.4 

0 

8 

OECD 

1990 

59 

23 

16 

2 

0 

0 

World 

1990 

65 

16 

18 

1 

0 

Non-OECD 

1990 

71 

7 

21 

0 

0 

0 

S.  Arabia3 

1990-2001 

70-94 

0 

0 

0 

0 

0 

30-6 

UKa 

1965-1997 

95-75 

0-13 

3-5 

0 

2 

0 

5 

Turkey 

1995 

59 

0 

41 

0.3 

0.1 

0 

Turkey 

1999 

83 

0 

15 

1 

1 

Turkey 

2000 

88 

0 

10 

1 

1 

Turkey 

2001 

80 

0 

18 

1 

1 

Turkey 

2023 

67 

11 

17 

1 

4 

Norway 

2000 

0.4 

0 

97.5 

1.2 

0 

0.9 

aThis  higher  and  lower  values  are  input  to  sectors  during  the  analyzed  years. 


Thermodynamic  performance  of  the  coal-fired  power  stations  for  a  US  conventional 
design  and  the  relationship  between  efficiencies  for  electricity  generation  are  illustrated  in 
Table  8  [2,11,21]. 

Exergy  efficiencies  of  the  analyzed  countries  are  between  32  and  80%.  Norway  merely 
uses  hydroelectricity.  Therefore,  it  has  an  extremely  big  efficiency  with  80%.  However, 
Saudi  Arabia,  Turkey,  Italy  and  USA  mostly  use  fossil  resources,  so  they  have  small 
efficiency  with  32,  31,  37  and  36%  in  the  analyzed  year.  These  results  are  shown  in  Table  9 
[10,11,13-18,21-23,32,35-42,44-45,48].  It  should  be  noticed  that  there  is  no  significant 
difference  between  the  energy  and  exergy  utilization  efficiencies.  Therefore  fossil  fuel  and 
other  energy  inputs  for  power  plant  may  all  be  concerned  as  high  quality  energy  carriers, 
and  consequently  enthalpy  (energy)  and  exergy  input  values  are  essentially  closer.  To 
estimate  the  overall  energy  and  exergy  efficiencies  for  the  utility  sector  of  countries,  it  is 
required  to  add  transmission  and  distribution  losses  to  the  generation  losses.  Transmission 
and  distribution  losses  within  the  utility  sector  has  been  estimated  to  be  12  and  25%  of  all 
electrical  energy  produced  in  the  world  [54].  This  assumption  of  energy  and  exergy 
efficiency  results  will  be  decreased  by  this  kind  of  loses. 

4.2.2.  Industrial  sector 

The  industrial  sector  of  countries  consists  of  many  industries;  however,  these  sectors 
are  differently  indicated  in  every  country,  according  to  the  structure  of  the  countries. 
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Table  8 

Thermodynamic  performance  of  coal-fired  power  stations  for  a  US  conventional  design  (the  relationship  between 
energy  and  exergy  efficiencies  for  electricity  generation)  [2,11,21] 


Plant  component 

Energy  losses  (%  of  plant  input) 

Exergy  losses  (%  of  plant  input) 

Steam  generator 

49.0 

Combustion 

(29.7) 

Heat  exchanger 

9.0 

(14.9) 

Thermal  stack  loss 

(0.6) 

Diffusional  stack  loss 

(3.8) 

Turbines 

=  0 

4.0 

Condenser 

47.0 

1.5 

Heaters 

=  0 

1.0 

Miscellaneous 

3.0 

5.5 

Plant  totals 

59.0 

61.0 

Generation  efficienciesa 

II 

IT) 

o 

o 

II 

CO 

£2  =  100-61  =  39 

Power  plant  type 

Energy-exergy  efficiency  relations 

Conventional  steam 

£2  -  0.96  £1 

Combined  cycle  gas  turbine 

£2  =  0.96  £ln 

Nuclear 

£2  =  £1 

Hydroelectric 

£2  =  78%,  £1  =  90% 

Efficiencies  based  on  the  high  heat  value  (HHV)  of  fuels. 


Generally,  significant  industries  are  identified  as  namely,  iron  and  steel,  cement,  chemical 
and  petrochemical,  oil  and  gas,  sugar,  fertilizer,  pulp  and  paper,  glass,  ceramics,  aluminum 
and  textile.  On  top  of  that,  share  of  the  energy  consumption  of  the  end  uses  is  rather 
different  in  industrialized  societies,  such  as,  in  Norway  with  46%  in  1995,  Italy  with  42% 
in  1990,  Turkey  with  28%  in  2000,  in  UK  between  46  and  37%  from  1965  to  1995,  and  the 
industrial  sector  being  the  major  energy  consumer.  In  order  to  simplify  the  analysis  of 
energy  and  exergy  efficiencies  for  this  complex  sector,  energy  consumption  patterns  are 
analyzed. 

The  industrial  sector  includes  mechanical  drive,  process  steam,  direct  heat  and  others, 
such  as  lighting,  electrolytic  processes  and  miscellaneous  applications  as  air-conditioning 
for  energy  consumption.  In  order  to  determine  energy  and  exergy  utilization  along  with 
their  efficiencies  within  the  industrial  sector,  previously,  industrial  modes  should  be 
determined  in  the  country.  Secondly,  assumptions  and  simplifications  for  the  heating  and 
mechanical  processes  may  be  made  as  follows:  Heating  processes  for  each  industry  are 
grouped  into  low,  medium,  and  high  temperature  categories,  as  shown  in  Table  10 
[13-19,39].  The  temperature  ranges  given  in  this  table  are  based  on  the  work  of  Brown 
et  al.  [55].  The  efficiencies  for  the  medium-and  high-temperature  categories  are  obtained 
from  Reistad  [21].  All  mechanical  drives  are  assumed  to  have  an  energy  efficiency  value  of 
90%  [55,56].  Thirdly,  three  steps  are  used  to  calculate  the  overall  efficiency  of  the  sector. 

Initially,  energy  and  exergy  efficiencies  are  obtained  for  the  process  heating  with  each  of 
the  process  temperature  categories.  Heating  energy  and  exergy  efficiencies  averaged  for  the 
industries  are  then  calculated  using  a  two-step  procedure:  (i)  weighted  mean  efficiencies  for 
electrical  heating  and  fuel  heating  are  evaluated  for  each  industry;  and  (ii)  weighted  mean 
efficiencies  for  all  heating  processes  in  each  industry  are  evaluated  with  these  values,  using 
weighting  factors  as  the  ratio  of  the  industry  energy  consumption  (electric  or  fuel)  to 
the  total  consumption  of  both  electrical  and  fuel  energy.  Lastly,  weighted  mean  overall 
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Table  9 

Energy  and  exergy  efficiencies  for  end-use  sectors  and  utility  [10,11,13-18,21-23,32,35-42,44-45,48] 


Country  Year  Utility 
analyzed 


Industrial  Residential-  Transportation  Agriculture  Total  end 
commercial  use 


£\  &2  el  e2  el  e2  el  e2  el  e2  el  e2 


Sweden 

1920 

11 

11 

43 

3 

8a 

11 

25 

Guana 

1975 

45 

45 

36 

3 

10 

28 

Sweden 

1980 

48 

48 

49 

10 

10 

27 

Japan 

1985 

37 

37 

41 

3 

10 

26 

Italy 

1990 

43 

43 

42 

2 

10 

21 

Sweden 

1994 

42 

42 

36 

13 

13 

22 

Norway 

1995 

85 

85 

46 

11 

16 

27 

USA 

1970 

36 

36 

41 

14 

20 

26 

Finland 

1985 

40 

40 

43 

8 

10 

24 

Canada 

1986 

53 

53 

42 

15 

23 

30 

Brazil 

1987 

73 

73 

43 

12 

10 

26 

OECD 

1990 

38 

38 

32 

7 

15 

17 

World 

1990 

37 

37 

27 

5 

16 

15 

Non-OECD 

1990 

37 

37 

9 

S.  Arabia 

1990-2001 

31-32 

30-31 

62-61 

40-39 

75-77 

9-8 

21-22 

21-22 

75-76  75-73  60-42 

39-27 

UKa 

1965-1997 

29-40 

28—40 

66-71 

37—45 

70-51 

15-14 

20-19 

20-19 

70-68 

26-22 

Turkey 

1991 

34 

34 

63 

28 

55 

11 

10 

10 

45 

24 

Turkey 

1993 

45 

45 

68 

43 

68 

12 

22 

22 

41 

27 

Turkey 

1995 

36 

36 

58 

33 

56 

6 

15 

15 

35 

13 

Turkey 

1999 

30 

30 

69 

36 

58 

8 

24 

24 

43 

24 

Turkey 

2000 

30 

30 

69 

36 

57 

8 

24 

24 

45 

25 

Turkey 

2001 

56 

9 

45 

25 

Turkey 

2023 

38 

38 

74 

39 

66 

10 

29 

29 

57 

31 

Norway 

2000 

76 

76 

49 

50 

31 

3 

20 

19 

43  45  47 

33 

aHigher  and  lower  efficiency  values  during  the  analyzed  years. 


Table  10 

Process  heating  temperatures  and  efficiencies  for  the  industrial  sector  [13,14-19,39] 


Category  of  process 

Process  temperature,  Tp  (°C) 

Heating  energy  efficiencies  (%) 

Electrical  £ih,e 

Fuel  e2h,f 

Low 

<120 

100 

655 

Medium 

121-399 

90 

60 

High 

>399 

70 

50 

(heating  and  mechanical  drive)  efficiencies  for  each  industry  are  evaluated  using  the 
weighting  factor  as  the  fractions  of  the  total  sectoral  energy  input  for  both  heating  and 
mechanical  drives. 

In  the  determination  of  sector  efficiencies,  weighted  means  for  the  weighted  mean  overall 
energy  and  exergy  efficiencies  for  the  major  industries  in  the  industrial  sector  are  obtained, 
using  the  weighting  factor  as  the  fraction  of  the  total  industrial  energy  demand  supplied  to 
each  industry. 
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Overall  first  and  second  law  efficiencies  (eli0i  and  s2,od  for  the  entire  industrial  sector 
were  calculated  by  aggregating  both  purchased  electrical  energy  and  direct  fuel  use  for  the 
Turkish  industrial  sector  as  follows  [13,48]. 


£l,oi  — 


(£le^i  +  8  iff  ej) 
(e  i  +/e: i) 


(g2e  X  gj  +  £2f  X/£X1) 

(^i  T  f  QX i) 


Despite  the  fact  that,  it  may  not  be  completely  true  to  compare  different  industries  which 
may  have  completely  different  structures,  for  point  of  commencement,  it  can  still  give  some 
idea  to  determine  relative  position  of  industries  of  different  countries  from  energy  and 
exergy  utilization  point  of  view.  For  instance,  in  2000  Saudi  Arabia  with  62%  energy 
efficiency,  and  40%  exergy  efficiency,  whereas  these  values  are  75  and  36%  in  1975  for 
USA,  73  and  41%  in  1986  for  Canada,  71,  43%  in  1986  for  Brazil  and  68  and  35%  in  2000 
for  Turkey,  69  and  46%  in  1990  for  UK.  Energy  and  exergy  efficiencies  of  the  industrial 
sector  in  the  countries  considered  are  indicated  in  Table  9. 


4.2.3.  Residential-  commercial  sector 

The  residential-commercial  sector  includes  space  heating,  water  heating,  cooking  and 
electrical  appliances  such  as,  lighting,  refrigeration,  television,  washing  and  dish  machine, 
cooking  appliances  for  energy  consumption.  However,  commercial  and  institutional  sector 
is  separately  analyzed,  including  commercial  offices,  education,  health,  hotel  and,  catering, 
retail  and  warehouses,  as  Saudi  Arabia  in  2001  and  UK  between  1965  and  1998.  In  the 
following,  the  utilization  of  energy  and  exergy  in  the  RCS  in  the  studied  years  is  analyzed. 
Table  6  illustrates  the  use  of  energy  and  exergy  this  sector  for  the  analyzed  years.  In  these 
years,  of  country’s  end  use  energy,  23-60%  was  used  by  the  residential-  commercial  sector. 
Energy  utilization  of  this  sector  showed  some  differences  in  the  countries  considered.  For 
instance,  in  Japan,  the  share  of  the  energy  utilization  in  this  sector  was  20%  of  the  total 
exergy  input  to  end  use  sector  in  1985.  This  value  was  29%  in  Sweden  in  1980. 

For  determining  the  efficiencies  of  energy  and  exergy  utilization  of  the  residential- 
commercial  sector,  antecedently,  according  to  energy  carriers,  energy  inputs  to  this  sector 
is  obtained  from  country’s  energy  statistics,  in  the  same  time,  share  of  the  energy 
utilization  in  the  residential-commercial  modes  is  delineated  as  Turkey:  space  heating  with 
45  and  42%,  water  heating  with  27  and  30%,  cooking  with  9  and  12%  and  electrical 
appliances  with  18  and  17%  in  the  1999  and  2000.  Then,  energy/exergy  efficiencies  of  the 
devices  for  space  and  water  heating,  and  cooking  as  well  as  electrical  appliances  in  this 
sector  can  be  obtained  from  the  literature,  as  tabulated  in  Table  11  [23,30,45]  or  can  be 
calculated  by  using  relations  given  in  Table  3.  However,  the  ratio  of  saturation  of  the 
residences  using  devices  and  electrical  appliances  is  determined  from  statistical  census. 
Fourthly,  mean  energy  and  exergy  efficiencies  are  calculated  by  multiplying  the  energy 
used  in  each  end  use  by  the  corresponding  efficiency  for  that  use.  The  overall  efficiency  and 
effectiveness  values  for  electrical  and  direct  fuel  uses  in  the  residential-commercial  sector 
are  separately  calculated.  Finally,  overall  energy  and  exergy  utilization  efficiencies  (£lorc 
and  £2,orc)  f°r  the  entire  residential-commercial  sector  are  calculated  by  aggregating  both 
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Table  11 

Efficiencies  according  to  fuel  types  and  components  of  fuel  uses  [23,30,45] 


Fuels 

Space  heating 

Water  heating 

Cooking 

fii 

£2 

fii 

£2 

fii 

£2 

Coal  (stove) 

45 

3.2 

45 

3.2 

— 

— 

Coal 

50 

3.6 

— 

— 

Fuel-oil 

65 

4.9 

Natural  gas 

84 

6.3 

80 

9.6 

50 

10.7 

F.P.G. 

90 

7.4 

80 

9.7 

50 

10.8 

Electricity 

98 

7.3 

90 

10.8 

80 

17.2 

Wood 

35 

2.5 

30 

3.4 

22 

4.5 

Geothermal 

54 

5.3 

54 

5.3 

Solar 

30 

3.9 

Dried-dung 

35 

2.5 

27 

3.7 

20 

4.1 

purchased  electrical  energy  and  direct  fuel  use  for  this  sector  as  follows: 

(fil^Crc  T  £1 ff  ere) 


Uorc  — 


(^rc  T  ./ere) 


^2,orc  — 


(s2e  X  erc  +  £2/  X  / 

exrc) 

(/re  +/  exrc  ) 


Energy  and  exergy  efficiencies  of  the  residential  and  commercial  sector  for  the  analyzed 
years  are  shown  in  Table  9.  As  clearly  seen  in  this  table,  for  all  over  the  analyzed  countries, 
energy  efficiencies  of  the  residential-commercial  sector  are  much  higher  than  the 
corresponding  exergy  efficiency  values.  This  is  the  case  because  of  the  greater  exergy 
loses  in  this  sector  as  well  as  the  utilization  of  high-temperature  energy  resources  for 
relatively  low- temperature  applications.  For  example,  the  utilization  of  geothermal  energy 
instead  of  the  usage  of  fossil  fuels  in  space  heating. 


4.2.4.  Transportation  sector 

Transportation  sector  includes  highway,  rail,  shipping,  pipeline,  and  off-road  transport 
for  fuel  consumption.  In  the  following,  the  utilization  of  energy  and  exergy  in  the 
transportation  sector  in  the  studied  years  is  analyzed.  Table  6  illustrates  the  use  of  energy 
and  exergy  in  this  sector  for  these  years.  It  is  clear  from  this  table  that  7-23%  of  the  end 
use  energy  of  the  countries  considered  was  used  by  the  transportation  sector,  although  the 
share  of  this  sector  in  this  breakdown  is  expected  to  continue  to  decrease  in  the  next  years. 

Utilization  of  the  transportation  modes  varies  from  country  to  country.  For  example,  in 
Turkey  and  Saudi  Arabia,  the  share  of  the  energy  utilization  in  the  transport  modes  is  as 
follows:  highway  with  87.6  and  79.53%,  railway  with  2.19  and  0%,  sea  transport  with  1.61 
and  7.60%  and  air  transport  with  8.54  and  12.88%  in  2000,  respectively.  Other  example, 
UK  transport  final  energy  demand  by  end  use  is  highway  with  78.2%,  railway  with  2.60, 
sea  transport  with  2.40%  and  air  transport  with  16.80%  in  1995.  One  might  expect  that 
densely  population  countries  such  as  Italy  (192  capita/km  )  and  Japan  (320  capita/km  ) 
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Table  12 

Energy  and  exergy  efficiencies  for  various  transportation  modes  [11,14,45,50] 


Modes 

Efficiencies  (%) 

Bus  and  truck  (Diesel) 

22-28 

Automobile  and  truck  (Otto) 

12-20 

Air  plane 

15-28 

Ship 

32-40 

Train 

32-40 

have  more  efficient  transportation  systems  than  sparsely  populated  countries  such  as 
Norway  (11  capita/km  ),  and  Canada  (192 capita/km  )  [10].  Petroleum  products  are  an 
important  energy  resource  with  94-98%  and  the  remaining  4-1  %  was  from  electricity  used 
by  trains  and  electric  streetcars,  and  2-1%  with  solid  fuel  for  railway  in  analyzed  years. 

For  as  definitely,  of  energy  and  exergy  efficiencies  of  the  transportation  sector, 
previously,  the  transportation  modes  are  determined  in  country.  Secondly,  the  terms  of 
energy  and  exergy  use  for  the  transportation  modes  are  obtained  from  the  statistical 
yearbook  energy  data.  The  main  fuel  types  in  the  transportation  sector  are  coal,  diesel  and 
electricity  for  rail,  jet  fuel  for  air,  diesel  and  gasoline  for  marine,  diesel  and  gasoline  for 
road,  and  natural  gas  for  pipelines.  Then,  energy/exergy  efficiencies  are  obtained  from  the 
literature  as  given  in  Table  12  [1 1,14,45,50],  since  vehicles  generally  are  not  operated  at  full 
load,  a  distinction  is  made  between  rated  load  and  operating  (part  load)  efficiencies.  Mean 
energy  and  exergy  efficiencies  are  calculated  by  multiplying  the  energy  used  in  each  end  use 
by  the  corresponding  efficiency  for  that  use.  Finally,  adding  these  values  to  obtain  the 
overall  efficiency  of  the  transportation  sector.  Electricity  and  fossil  fuel  work  production 
processes  are  taken  to  produce  shaft  work.  The  energy  and  exergy  efficiencies  for  shaft 
work  production  from  electricity  and  fossil  fuels  may  be  calculated  using  Equations  given 
in  Table  3.  The  weighted  mean  overall  energy  and  exergy  efficiencies  for  the  entire 
transportation  sector  are  also  calculated  using  equations  given  in  the  previous  section. 
Exergy  efficiencies  of  the  analyzed  countries  are  between  10  and  23%  in  the  transportation 
sector. 

4.2.5.  Other  sectors 

Other  sectors  are  differently  shown  according  to  the  preferred  approaches.  For  instance, 
the  agriculture  sector  was  singly  investigated  in  the  Waifs  and  Scuiba’s  approach. 
However,  it  was  evaluated  within  the  residential  sector  in  the  Reistad’s  approach  [21]. 
Besides  this,  Dincer  [17]  applied  the  Reistad’s  approach  by  taking  into  account  the 
agriculture  sector  separately. 

5.  Results  and  discussion 

In  this  study,  a  review  on  analyzing  and  evaluating  the  energy  utilization  efficiency  of 
countries  were  presented.  Energy  and  exergy  utilization  efficiencies  of  countries  were 
analyzed  for  different  sectors.  The  energy  and  exergy  inputs  were  compared,  while  loses 
and  efficiencies  were  identified. 
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The  main  outcomes  of  the  energy  and  exergy  utilization  analysis  are  listed  in  Table  8, 
while  Figs.  2  and  3  show  energy  and  exergy  efficiency  diagrams  for  the  whole  of  the 
analyzed  countries,  respectively.  It  is  clear  from  this  table  that  the  total  energy  efficiencies 
in  the  analyzed  years  ranged  from  35  to  70%,  while  the  total  exergy  efficiencies  varied  from 
15  to  39%.  There  were  quite  bigger  differences  between  the  values  for  these  years  studied. 

All  sectors  showed  considerably  important  and  comparable  loses  of  energy.  The 
transportation  sector  constituted  the  biggest  energy  loss,  followed  by  the  utility, 
residential-commercial  and  industrial  sectors.  This  result  indicates  that  energy  and  exergy 


o  Utility  H  Industrial  a  Residential 

X  Transportation  ■  Agriculture  •  End-use 

- -  Power  (End-use) 

Fig.  2.  Distribution  of  energy  efficiencies  of  the  analyzed  countries. 


♦  Utility  Industrial  a  Residential  x  Transportation 

•  Agriculture  ■  End-use - -  Power  (End-use) 

Fig.  3.  Distribution  of  exergy  efficiencies  of  the  analyzed  countries. 
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inefficiencies  in  these  sectors  are  caused  by  currently  available  techniques  used  for  the 
conversion  processes.  Among  the  subsectors  studied,  the  industrial  sector  had  the  highest 
efficiencies,  followed  by  the  residential-commercial,  utility  and  transportation  sectors. 
Besides  this,  the  industrial  and  residential-commercial  sectors  had  about  equal  and  high 
energy  efficiencies,  while  they  indicated  a  very  poor  performance  in  terms  of  their  exergy 
efficiency  values. 

In  terms  of  exergy  loses,  the  sectors  ranked  rather  differently.  The  residential- 
commercial  sector  accounted  for  about  85-98%  of  all  exergy  loses,  followed  by  the 
transportation,  utility  and  industrial  sectors.  These  results  indicated  the  need  of  saving  the 
use  of  energy.  However,  habits  of  energy  use  to  improve  in  this  sector  and  its  subsectors. 

If  on  the  other  hand,  the  exergy  approach  were  used  by  these  same  nations,  the 
advantages  would  be  obvious,  because  the  exergy  approach  is  able  to  pinpoint  the  true 
points  of  inefficiency  within  a  country  and  clearly  state  that  technological  level  within 
which  processes  and  devices  are  operating.  It  allows  energy  planners  to  evaluate  those 
feasible  benefits  that  can  be  expected  from  future  developments  in  energy  area. 

This  allows  policy  makers  to  verify  the  real  contribution  of  technology  in  the  future 
endeavors.  Of  all  fundamental  physical  considerations  that  enter  into  the  determination  of 
a  coherent  energy  policy  the  easiest  one  to  be  quantitatively  addresses  through  the 
application  of  exergy  tool  is  the  minimization  of  energy  resources  to  perform  given  task. 
Therefore,  the  exergy  approach  can  be  applied  to  any  country  and  region,  and  be  very 
useful  in  minimizing  the  total  energy  supplied  to  end  users.  Consequently,  the  total 
environmental  burden  derived  from  energy  generation  and  utilization. 

The  generalization  of  the  exergy  approach  can  also  yield  environmental  benefits  for 
these  countries.  Because  the  exergy  approach  allows  optimizing  the  use  of  both  the 
quantity  and  quality  of  energy  carriers  through  the  efficient  matching  of  supply  and 
demand,  the  exergy  tool  also  allows  decreasing  substantially  the  rate  of  use  of  energy 
resources  and  the  environmental  burden  associated  with  both  energy  production  and 
utilization.  The  latter  is  clearly  associated  with  the  former,  since  a  reduction  of  energy 
consumption  will  lead  obligatory  to  a  reduction  in  the  rate  of  discharge  of  wastes.  Because 
the  exergy  approach  deals  with  the  concept  of  a  departure  from  equilibrium  to  the 
boundary  environment,  the  exergy  tool  is  capable  of  being  used  to  estimate  the  pollution 
potential  of  certain  wastes  leaving  the  energy  cycle  as  flowing  out. 

The  exergy  approach  can  be  useful,  for  example,  for  estimating  the  thermal  excess 
generated  by  an  industrial  installation,  because  the  higher  the  exergy  level  of  an  emission, 
the  higher  the  environmental  impact  that  is  likely  to  be  produced.  The  exergy  of  a  refuse 
can  be  given  as  a  quantitative  measure  of  thee  quality  of  the  effluent  being  released  and, 
consequently,  provide  with  a  rough  idea  of  its  impact  on  the  biophysical,  environment  and 
even  its  potential  usefulness  as  an  input  for  other  processes. 

6.  Conclusions 

This  study  indicated  that  exergy  utilization  in  the  analyzed  countries  was  even  worse 
than  energy  utilization.  In  other  words,  most  of  the  countries  considered  represent  a  big 
potential  for  increasing  the  exergy  efficiency.  It  is  clear  that  a  conscious  and  planned  effort 
is  needed  to  improve  exergy  utilization  in  these  countries. 

The  implications  of  an  energy  policy  are  based  on  the  analytical  tool.  This  is  because,  no 
matter  what  goals  are  set  for  energy  use  within  a  country,  they  must  obligatorily  be  ranked 
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alongside  the  technological,  economic,  social,  environmental,  and  political  costs  and 
benefits  of  the  results.  Therefore,  the  energy  analyst  must  not  lose  sight  of  the  other 
constraints  that  must  also  be  evaluated  to  help  form  a  comprehensive  and  coherent  energy 
policy  for  a  country.  Any  policy  has  costs  and  benefits  that,  because  they  are  intrinsically 
different  in  their  qualitative  nature,  can  be  evaluated  only  in  a  broad  political  scenario. 

It  also  may  be  concluded  that  the  analyses  reported  here  will  provide  the  investigators 
with  knowledge  about  how  much  effective  and  efficient  a  country  uses  its  natural 
resources.  This  knowledge  is  also  needed  for  identifying  energy  efficiency  and/or  energy 
conservation  opportunities  as  well  as  for  dictating  the  energy  strategies  of  a  country  or  a 
society. 
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